Abstract. W ith the majo rity of the world population residing in urban areas, attempts to monitor and mit igate greenhouse gas emissions must necessarily center on cities. However, existing carbon dio xide observation networks are ill -equipped to 10 resolve the specific intra-city emission phenomena targeted by regulation. Here we describe the design and implementation of the BErkeley Atmospheric CO2 Observation Network (BEACO2N), a distributed CO2 monitoring instru ment that utilizes low-cost technology to achieve unprecedented spatial density throughout and around the city of Oakland, Californ ia. We characterize the network in terms of four performance parameters -cost, reliability, p recision, and bias -and find the BEA CO2N approach to be sufficiently cost-effective and reliable while nonetheless providing high -quality atmospheric 15 observations. First results fro m the initial installation successfully capture hourly, daily , and seasonal CO2 signals relevant to urban environments on spatial scales that cannot be accurately represented by atmospheric transport models alone, demonstrating the utility of high-resolution surface networks in urban greenhouse gas monitoring efforts.
the need for frequent maintenance and/or re-calibrat ion. Thus, we seek to optimize the trade-off between cost and the other considerations.
Reliability
Network reliability consists of sensor uptime and continuity of the data stream and is crucial to enabling co mparison and averaging across sites as well as improving the statistics of temporal analyses. Poor reliability also has an indirect impact on 5 cost via the resources expended on repeat maintenance visits and/or replace ment part purchases.
Precision
The precision requirements at each individual site versus for a network instrument as a whole vary depending on the phenomena of interest. For the characterizat ion of inter -annual trends integrated over entire met ropolitan regions, sensitivity to changes <10 pp m per year are required (Pacala et al., 2010) . For examp le, according to the First Update to the Climate 10 Change Scoping Plan, the state of Californ ia would have to reduce its overall CO2 emissions by 4.7 million metric tons per year to achieve its goal o f reaching 1990 emission levels by 2020 ( Brown et al., 2014) . Assuming a fraction of that total reduction is attributable to the San Francisco Bay Area in proportion to its population (~20% o f the California total), this amounts to a change of -2.6 x 10 6 kg CO2 day -1 for the San Francisco Bay Area. Given a residence time of air in the region of 1 day, these emissions reductions spread evenly over the 22,681 km 2 do main and through a 1 km boundary layer would 15 lead to a 65 ppb annual decrease in the daily CO2 concentrations. We therefore require instruments of sufficient individual sensitivity such that, upon averaging their signals together, the resultant √ imp rovement in the network-wide mean sensitivity allows us to detect annual changes of ~65 ppb year -1 with confidence.
However, the true strength of the high-density approach lies in the individual sensors' (or sub -group of sensors') sensitivity to intra-city phenomena, wh ich are orders of magnitude larger by virtue of their pro ximity to sources not yet 20 diluted by advection. Larger signal s izes forgive poorer precision in the indiv idual instruments, but demand sufficient temporal resolution to capture these anomalous, often unexpected, events of short duration on top of slowly varying do mainwide fluctuations in the background concentration. Because the BEACO2N instru ment is unique in its sensitivity to these highly local processes, we will focus on this latter specification o f the instrument precision in the characterization that follows. 25
Bias
Bias can be incurred somewhat abruptly during the in itial field installat ion or accrued more gradually as drift away fro m the laboratory calibrat ion over time. Systematic bias in the sensor readings is of particular concern in a large -scale network deployment where onsite calibrat ion materials such as reference gases are infeasible and frequent maintenance visits are undesirable. To ensure trustworthy observations, a given network sensing approach must demonstrate some co mbination of: 30
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Node Design, Calibration, and Deployment
Each BEACO2N node contains a non-dispersive infrared Vaisala CarboCap GM P343 sensor for CO2 as well as SGX 5
Sensortech MiCS-4514 and MiCS-2614 metal o xide-based micro-sensors used to detect CO/NO2 and O3, respectively.
Following a large-scale node refurb ishment and upgrading effort in mid -2014, these core elements are now supplemented with a Sensirion SHT15 and Bosch-Sensortec BMP180 for measuring humidity (SHT15), pressure (BM P180), and temperature (both), a Shinyei PPD42NS nephelo metric part iculate matter sensor, and a suite of Alphasense B4 electrochemical trace gas sensors for O3, CO, NO, and NO2. Discussion of these latter, air quality-related technologies will 10 follow in a forthcoming paper.
All sensors are assembled into co mpact, weatherproof enclosures as seen in Fig. 4 . A Raspberry Pi microprocessor automates data collection via a serial-to-USB converter (for CO2, every ~2 seconds) and an Arduino Leonardo microcontroller (for everything else, every ~10 seconds), then transmits data to a central server using either: (a) a direct onsite Ethernet connection, (b) a Ubiquiti NanoStation locoM2 Wi-Fi antenna, or (c) an Adafruit FONA miniGSM cellular 15 module. The latter has the unintended consequence of introducing a significant amount of electrical nois e into the system.
We reduce the impact of this noise by limit ing data transmission to two hours per day, on a rotating schedule such that no periods are disproportionately afflicted by elevated noise levels. Battery-powered real time clock modu les are also included to ensure timestamp accuracy during planned and unexpected hiatuses in internet connectivity.
Airflow through the node is maintained by two 30 mm fans, one positioned in the "intake" orientation and the other in 20 the "outflow" orientation. An additional, passive air outlet is located adjacent to the AC/DC power supply converter to prevent excessive heating inside the node. Node enclosures measure 90 mm by 160 mm by 360 mm and are made of corrosion-resistant die cast alumin iu m that minimizes meteorological and magnetic co mp licat ions. Stainless steel fasteners and a weatherproof seal prevent water intrusion into the enclosure.
Laboratory calibrat ions are performed on each CarboCap sensor upon receipt of the instrument fro m the supplier and 25 repeated whenever nodes are retrieved fro m the field for maintenance, resulting in a re-calibrat ion every 12-18 months.
Reference cylinders of 0 pp m, 1000 pp m, and either 320 pp m or 370 pp m (±1%) are used for ~10 minute deliveries of each concentration to a chamber containing the sensor, which includes a built -in microprocessor that accepts the results of this mu lti-point calibrat ion as input and automatically applies the appropriate corrections to the subsequent observations. The CarboCap microprocessor can also be configured to correct for the effects of oxygen, temperature, pressure, and humid ity. 30
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For post-2014 observations, we use the pressure and dew point temperature measured inside each nod e enclosure by the 10 aforementioned BMP180 and SHT15 sensors, respectively. For data collected prior to 2014, Eq . (1) and (2) the temperature and water dependence to vary in sign and magnitude between individual sensors , while the pressure dependence is found to be quite robust. We therefore apply the following empirical correction to all CO2 observations with coincident, on-site pressure measurements (i.e. post-2014 data sets):
The effect of this correct ion is shown in the histogram of CarboCap-Picarro d ifferences in Fig. 5 (gray bars). The offset 25 between the two instruments is reduced to fro m -1 ppm to ~0 pp m and the standard deviation of their differences is tightened from ±1.5 ppm to ±1.4 ppm. The lingering temperature and water biases are <1%. the desired spatial density and also assist the service of the educational and outreach goals of the project (see http://beacon.berkeley.edu). The 2 km spacing is chosen to ensure an approximately 1 km pro ximity to any significant CO2 source or sink in the metropolitan area, maximizing coverage without undue overlap between neighboring footprints.
Additional sites outside the 2 km grid are also included for sensitivity to potential emission sources of interest, for colocation with useful reference instruments, or as pilots for network expansion. 5 3 Node Performance
Cost
The Vaisala CarboCap GM P343 CO2 sensor in this study is used in its 0 to 1000 pp m measurement range and "diffusion sampling" mode, such that representative air samples passively diffuse into the path of the infrared light beam. With these specifications, each CarboCap costs approximately $2,800 USD. Although less expensive technologies are availab le, the 10 CarboCap design has a clear advantage in that the unit contains a digitally -controlled Fabry-Perot interfero meter to switch on (4.26 μm) and off (3.9 μm) of the asymmetric stretching mode of CO2, generating a baseline intensity measurement for each observation that compensates for variability in the light source.
Additional sensors, ancillary hardware, and labor then bring the total cost per node to ~$5,500 USD, or $154,000 USD for the entire 28 node BEA CO2N instrument. For comparison, a single co mmercial cavity ring-down analy zer is priced 15 around $60,000 USD and the annual operating cost can exceed $85,000 USD after accounting for pumps, data loggers, etc.
Reliability
Table 2 g ives the percent uptime for nine representative BEACO2N nodes over the course of 2013, calculated as the fraction of total minutes in the year during wh ich a given node collected valid data. A ll nine nodes exh ibit uptimes in excess of 50% via either hardwired Ethernet connections or Wi-Fi antennas, with six collecting data >80% of the time. Maintenance visits 20 to these sites beginning in mid-2014 revealed little to no incidence of hardware failu re. Instead, external issues, such as interruptions in the electricity or Wi-Fi connectivity, are found to be the limit ing factors in determining sensor uptime.
Transplanting nodes to sites with more dependable electricity supplies and increasing implementation of cellular modules (which are insensitive to interruptions in onsite Wi-Fi networks) continue to enhance network reliab ility over t ime. For example, the n ine most reliab le nodes during the January 2015-April 2016 period all exhib it uptimes >80%, with five 25 collecting data and transmitting it within the next 48 hours ~100% of the time v ia either Ethernet or cellu lar data communication.
Precision
Fro m a qualitative perspective, the Vaisala CarboCap GMP343 demonstrates exceptional sensitivity to CO2 enhancements on scales typical of an u rban environment. Figure 7 co mpares the 1 minute mean CO2 dry air mo le fract ions measured at two 30 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -530, 2016 Manuscript under review for journal Atmos. Chem. Phys. Published: 23 June 2016 c Author(s) 2016. CC-BY 3.0 License. nearby in-field BEA CO2N nodes (EXB and EXE in Fig. 1 ) during 1 week in early October 2015. As these sensors are not precisely co-located (one is stationed approximately 13 m above roadside in downtown San Francisco, while the other sits ~200 m back fro m the road, near the bay), an exact correlat ion is not expected. The two sensors nonetheless demonstrate remarkable agreement; wh ile CO2 variat ions resulting fro m boundary layer height fluctuations and wind speed changes during the same period are on the order of 20-60 ppm, the CarboCaps simu ltaneously detect CO2 events as small as 8 ppm , 5 providing preliminary evidence of the suitability of these sensors for high-density urban deployment.
More quantitatively, Vaisala advertises the CarboCap as possessing a response time of 75 seconds and a precision of ±3 ppm at 2 second measurement frequency. Here we present our own characterization of the sensors' precision via co mparison to: (a) in-laboratory reference gases and (b) a co-located in situ reference instrument.
After exposing an ensemble of CarboCaps to a constant stream of reference gas, we find the 1 minute mean dry air mole 10 fractions to exh ibit 1σ precision between ±1.2 and ±2.0 pp m, roughly in keeping with the ±2 ppm precision observed by Rigby et al. (2008) . Figure 5 shows the results from our aforementioned co-location with a Picarro G2301 reference instrument, demonstrating near perfect correlat ion (R 2 = 0.9999), slope ≅1, and an offset of appro ximately 0 ppm after meteorological corrections . In this case the 1σ precision is ±1.4 pp m, g iven directly by the standard deviation of the differences between the minute-averaged Carbo Cap and Picarro observations , as the Picarro's precision (±0.1 pp m) 15 contributes negligibly to the noise. Th is presents a slight imp rovement over the ±2.18 pp m in situ precision recorded by van Leeuwen et al. (2010) , although still greater variability than would be expected given the manufacturer's 2 second specifications and a 1 minute averaging t ime (3 /√30 = 0.55 ). Nonetheless, the agreement between the time series of the Picarro and CarboCap measurements demonstrates this noise level to be effect ively negligible on the scale of amb ient urban CO2 fluctuations. Furthermore, we see that averaging the observations from 28 Carbo Caps with ±1.4 ppm 20 precision easily produces the ~65 ppb sensitivity required to detect subtler network-wide fluctuations occurring across multiple years (see Sect. 1.3).
Bias
Given the limited access to validation and calibrat ion infrastructure, a majo r concern for a long -term field deploy ment is bias resulting fro m a co mbination of gradual temporal drift ( , in pp m day -1 ) and constant offsets from the "true" value 25 , respectively), as well as these spurious biases:
To derive post hoc corrections for and at a given site, we first remove the node (see Fig. 1 ) as the reference site needed to calculate [ 2 ]
. Only sites that enable at least 3 months of comparison to the ELC node are included; mult iple values at a single site correspond to the piecewise linear fits employe d when exh ibits discontinuities over the data record. Because we universally define Day 1 to be 1 January 2013 and is strongly influenced by the intercept of the linear fit used to characterize the temporal drift, it should be noted that the magnitude of does not necessarily represent the actual bias present at a node on its deployment date 15 (which may be before or after 1 January 2013), but rather an extrapolation of this initial bias forwards or backwards in time.
To evaluate the efficacy of this procedure, we co mpare the weekly min ima of both the raw and bias corrected data records to the weekly minimu m CO2 concentrations measured by a LI-COR LI-820 non-dispersive infrared CO2 gas analyzer positioned at sea level between the EXB and EXE nodes (see Fig. 1 ). The LI -COR is maintained by NOAA's Pacific Marine Environmental Laboratory and calibrated against compressed gas (400-500 pp m CO2) p rior to every hourly measurement 20 and is assumed to have negligib le bias. The results of said comparison are shown in Fig. 8 , demonstrating significantly improved agreement (3.7 vs. 9.8 pp m mean residuals) with the LI-COR weekly minima after b ias correction. This is likely a conservative estimate of the bias reduction achievable with this method , as the ELC node we use to compute our
value is not itself a bias-free reference. Although the raw ELC data record demonstrates the least bias of all the BEA CO2N nodes in an in itial co mparison with the LI-COR, its observations are nonetheless afflicted by some unknown 25 nonzero drift and/or atemporal o ffset. Direct in situ calibration of the reference instrument would allo w us to constrain systematic biases further, possibly to within the precision of the sensors.
Performance of Ancillary Sensor Technology
According to manufacturer documentation, the Sensirion SHT15 provides relative hu mid ity measurements to 0.05% resolution, with an advertised accuracy of ±2.0%, a repeatability of ±0.1%, an 8 second response time, and a long -term drift 30 of <0.5% per year. Its temperature measurements are provided to 0.01 o C resolution, with an advertised accuracy of ±0. However, the temperature observations from both sensors closely follow the structure of that detected by the internal temperature sensor of the CarboCap, although the CarboCap's readings are consistently slightly elevated, as expected given 5 the heat produced by the instrument itself.
The BM P180 and SHT15 are not intended to reflect local meteorological conditions, but rather to provide a representative picture of conditions inside the node These internal conditions are integral to various posterior corrections applied to the observations (see Sect. 2).
Initial Field Results 10
The BEA CO2N field campaign is a long-term, ongoing monitoring effort. Here we p rovide a time series of data collected fro m 17 BEA CO2N sites between January 2013 and April 2016 (Fig. 9 ) and some init ial descriptive statistics of the biascorrected dry air CO2 mole fractions at nine representative sites in 2013 (Table 2 ). maximu m values between 500 and 820 pp m and minima between 384 and 396 ppm. Standard deviations are seen to range fro m 9.57 to 22.4 ppm, all of wh ich are lower than the corresponding nighttime (2200-0400 LT) standard deviations due to the reduced convective mixing in the shallo w nocturnal boundary layer. Similarly, the majority of nighttime means and maxima exceed the daytime values at the same location, with the exception of three sites: FTK, LAU, and KAI. The dampened or inverted diurnal trends at these sites may be due to unique boundary layer dynamics at those locales or 20 unusually large daytime CO2 sources nearby. Daytime and nighttime minima do not differ as significantly.
Individual BEA CO2N nodes are observed to capture a number of patterns and cycles typical of amb ient CO2 monitoring. Figure 10 shows the monthly min imu m CO2 concentrations at six select sites in 2013, as the difference fro m their July value (defined as 0 ppm at each site). A distinct seasonal cycle is observed, with wintertime min ima e xceeding summertime values by 7 to 24 pp m. For reference, the gray curve presents a similar treatment of a smoothed, three-dimensional "curtain" of 25 surface CO2 Pacific boundary conditions produced by NOAA's Global Greenhouse Gas Reference Network (Jeong et al., 2013) . In the summertime, the BEA CO2N min ima are seen to converge to a seasonal variation roughly in keeping with that observed in the curtain, while the degree of variability within the network increases during the winter months. Figure 11 shows representative diurnal cycles in the bias -corrected CO2 d ry air mo le fractions at three different BEA CO2N nodes in September 2013. We observe elevated concentrations at night corresponding to a shallow nocturnal 30 boundary layer, significant enhancements around the morn ing rush hour when emissions are increasing faster than boundary layer height, and midday min ima reflecting mixing into the largest volume of air before the boundary layer collapses again at Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -530, 2016 Manuscript under review for journal Atmos. Chem. Phys. sunset. However, within this qualitatively well understood average behavior remains a degree of intra-network variab ility that allows us to discover and probe local scale phenomena of unknown origin. At FTK, for example, concentrations are seen to decrease after an in itial rush hour peak (~0800 LT) but remain somewhat elevated until sunset, never achieving the much more pronounced afternoon minimum observed at PAP, 13.5 km away.
Such intra-city heterogeneities are difficult to capture accurately using atmospheric transport models alone. We calcu late 5 the spatial footprint of each site using a Stochastic Time-Inverted Lagrangian Transport Model (Lin et al., 2003) coupled to the Weather Research and Forecasting model (Skamarock et al., 2008 ) (W RF-STILT) in the manner of Nehrkorn et al. (2010) and overlay it on a high-resolution bottom-up emissions inventory (see Fig. 3 ) as in Turner et al. (2016) to generate the predicted diurnal cycles shown as black squares in Fig. 11 . While the model captures midday conditions at FTK and evening levels at PAP, the p resence of both over-and under-estimat ions at other times suggests a need to re-examine the 10 bottom-up emissions inventory as well as the model's treatment of boundary layer dynamics. BEACO2N provides the ground truth necessary to identify such deficiencies and potentially improve upon them via inverse modeling, data assimilation, etc.
Co mparison of diurnal cycles during noteworthy local scale emission events with averages such as those seen in Fig . 11 gives further insight into the potential application of BEA CO2N observations to CO2 source attribution. Figure 12 o ffers one 15 such comparison using hourly averages collected fro m a BEA CO2N node positioned on top of Oakland High School (OHS in Fig. 1 and Table 1 ) during a weather-related school closure that occurred on 11 December 2014. Clear reductions in CO2 concentrations are observed relative to what is typical at this site (and indeed network-wide, although to a lesser extent), as is expected in the absence of emissions related to students' commutes and presence on campus. The sensing technology implemented in the BEA CO2N nodes therefore proves adequate to resolve not only CO2 patterns typical of an urban 20 environment, but also short-term deviations during anomalous emission events , positioning BEACO2N as an essential tool for the characterization of current urban conditions as well as the verification of subsequent emissions reductions .
Discussion & Conclusion
We have described the design, implementation, and in itial observations from a novel high -resolution CO2 surface monitoring network instrument. We demonstrate that low-cost instrumentation enables an unprecedented level of spatial density, and 25 describe a calibrat ion protocol with post hoc bias corrections that permit the network to operate precisely and reliab ly enough to characterize variations in ambient concentrations with magnitudes relevant to metropolitan life.
Our preliminary analysis of the first ~3 years of CO2 observations provides evidence of the expected diurnal and seasonal cycles as well as an encouraging sensitivity to short-term changes in local emission events. Furthermore, we show significant qualitative and quantitative differences among the d iurnal cycles at indiv idual nodes on spatial scales that cann ot 30 yet be accurately captured by at mospheric transport models, confirming the necessity of a h igh-density approach when attempting to faithfully represent the variability of a complex urban environment.
Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -530, 2016 Manuscript under review for journal Atmos. Chem. Phys. Future work will focus on constructing inferred emissions patterns and trends fro m the body of observations. In an initial effort in this regard, Turner et al. (2016) constructed and applied a WRF-STILT inverse model to synthetic observations with density similar to BEA CO2N. For an area source the size of the Oakland metropolitan area, emissions were estimated to within 18% accuracy; for a freeway-sized line source to within 36%; and to within 60% for the sum of six industrial point sources -consistently outperforming a smaller hypothetical network (three sites) with significantly better 5 precision. Using week-long averages, the BEACO2N-like netwo rk was able to fu rther reduce the uncertainty in the integrated urban area source to <2%, a significant imp rovement over the citywide emissions estimates provided by real and proposed ~10 site sensor networks described by Lauvaux et al. (2016) (25% uncertainty in 5 day averages), Kort et al. (2013) (>10% uncertainty in monthly averages), and Wu et al. (2015) (10% uncertainty in annual averages). These other studies use more conservative estimates of the co mb ined instrument, model, and rep resentativeness error (≥3 pp m, as opposed to 1 pp m). 10
These combined error budgets are typically do minated by transport (model) error, which potentially exp lains why models based on BEA CO2N-like networks perform co mparab ly to or better than those based on sparser networks of higher quality sensors, for which instrument error may be reduced but accurately representing transport between observation sites is of greater importance. Further work is needed to fully assess the efficacy of inverse methods based on the BEACO2N approach.
In addition, further characterizat ion of the trace gas and particulate matter sensors will allow for more specific source 15 attribution via the exploitation of emissions factors unique to various combustion activities (e.g., Ban-Weiss et al., 2008; Harley et al., 2015) , while providing public health-relevant air quality info rmation as well. There is also potential for finegrained verificat ion of space-based observations or even of personal sensors when their inherent mobility brings them within the geographical area well represented by the fixed BEACO2N network.
This work constitutes a promising initial infrastructure upon which fu rther advances in high -density atmospheric 20 monitoring can be built, capable of providing research, regulatory, and layperson communities with green house gas and air toxics information on the scale at which emissions and personal exposure actually occur. We are currently planning to expand this validated pilot network into the neighboring locales of San Francisco and Rich mond, California, allowing us to characterize other emissions sources, such as oil refining facilities. These efforts will be co mplemented by modeling studies comparing different sampling resolutions (i.e. 2 km vs. 4 km sensor spacing) and spatial configurations, yielding general 25 network optimizat ion principles that will facilitate future imp lementations of high -resolution CO2 monitoring networks in diverse locations. Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -530, 2016 Manuscript under review for journal Atmos. Chem. Phys. Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -530, 2016 Manuscript under review for journal Atmos. Chem. Phys. Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -530, 2016 Manuscript under review for journal Atmos. 
